Sn c Sn Si 1−c Sn alloy lms (c Sn : the chemical composition) have been prepared by rf sputter-deposition. X-ray diffraction measurement indicate that almost pure bct Sn and amorphous Si phases coexist for 0.28 ≤ c Sn < 1.0. The electrical resistivity (ρ) measurement indicate that the alloy lms are semiconducting above 10 K for c Sn ≤ 0.47 and metallic for c Sn ≥ 0.57, whereas they are superconducting below 4 K for c Sn ≥ 0.38. When c Sn is transformed to the volume fraction, v Sn , the electrical conductivity, σ versus v Sn plot shows clear in ection at around v Sn = 0.41. This semiconductor to metal transition threshold (v p ≅ 0.41) is much larger than 0.16 for the 3 dimensional site percolation theory, 0.21~0.25 for the partially coalesced Sn-core/Si-shell cluster assemblies and 0.33 for the effective medium theory, but smaller than 0.5 for the granular materials in which metal grains are heavily coated by small insulator grain layers. Temperature dependence of ρ also reveals a transition from a simple energy gap type conduction to a thermally assisted electron tunneling type one with increasing v Sn .
Introduction
Component mixing is a basic procedure to control material functions. In semiconductor and metal mixed systems, a semiconductor to metal transition is observable at a certain composition and physically discussed as a percolation phenomenon though it strongly depends on temperature and cohesive characters of constituent elements.
In Sn c Sn Si 1−c Sn composite system prepared by a plasma-gascondensation method, Sn/Si core-shell clusters are formed via collision of Sn and Si atoms in a high Ar gas atmosphere, where Sn cores are protected against oxidation by thin Si shells consisting of 2 nm Si nanoparticles. With increasing c Sn in Sn/Si core-shell cluster assemblies, Sn cores partially contact with each other, agglomerate and attain a semiconductor to metal transition at around c Sn = 0.7 ∼ 0.8, Then, a superconductivity of Sn core is a little enhanced by exiton-mediation at their core-shell interfaces 1, 2) . In comparison with these results, we study the characteristic features of semiconductor to metal transition in sputter-deposited Sn-Si alloy lms.
Experimentals
We prepared about 0.55 μm thick Sn c Sn Si 1−c Sn alloy lms with a conventional rf-sputtering equipment whose input electric power was 20 W. The back-ground pressure of the sputtering chamber was about 0.3 mPa, while the Ar gas pressure of 0.7 Pa was kept during the lm-deposition period of 3600 × 4 s. A Sn disc (56 mm in diameter and 2 mm in thickness) on which rectangle Si plates (5 mm in width and 0.4 mm in thickness) were set was used as a composite target where the chemical compositions of lms were adjusted by changing the number and con guration of Si plates. Substrates were conventional glass plates for X-ray diffraction and electrical resistivity measurement, and polyimide lms for chemical analyses.
Film thicknesses were measured by a stylus instrument (SUFCOM-1400D). Chemical compositions were determined by an energy dispersive X-ray analyzer installed in a scanning electron microscope (JSM-5310LVA). X-ray diffraction patterns were observed in the standard Bragg-Brentano geometry using an X-ray diffractometer with a Cu target (RINT-2200H). Electrical resistivity, ρ, was measured in a four probe mode between 2 and 300 K using a physical properties measuring system (PPMS, Quantum Design) where Sn c Sn Si 1−c Sn alloy lms were deposited between four Au gold stripe electrodes whose separation distances were 1 mm on quartz glass substrates.
Results
As shown in Fig. 1 , tin whiskers have grown on surfaces of Sn c Sn Si 1−c Sn alloy lms. They are nely dispersed for c Sn < 0.4, while coarsely dispersed, and their length and width increase for c Sn > 0. 4 . Figure 2 shows X-ray diffraction patterns of Sn c Sn Si 1−c Sn alloy lms. Clear Bragg peaks are detected for all of these lms with c Sn = 0.34-0.70. They are allotted to a body-centered tetragonal (β-Sn) phase and the lattice constants, a = 0.577-0.583 nm, c = 0.318, being independent of c Sn and equal to a = 0.5832 nm, c = 0.3181 for pure bulk β-Sn 3) , i.e., Sn regions do not contain Si. No peak allotted to a diamond structure is detected, indicating Si regions to be amorphous. Since the atomic radius (0.154 nm) of Sn is much larger than that (0.132 nm) of Si 4) , and Sn and Si are immiscible with each other in the Sn-Si binary phase diagram 5) , we suppose that Si regions do not contain Sn even in the vapor-quenched state 6) . Therefore, the present Sn c Sn Si 1−c Sn alloy lms are interwoven or granular mixtures of almost pure Sn and Si regions. . Figure 4 shows the v Sn -dependence of electrical conductivity, σ = 1/ρ at 10, 30 and 300 K of Sn v Sn Si 1−v Sn alloy lms. σ rapidly increases with v Sn and clearly in ects at around v Sn = 0.41. In the percolation theory, σ is correlated with the volume fraction, v and its percolation threshold, v p as follows 7) :
Here, μ is the critical exponent which depends only on the system dimension. The slope of σ versus v Sn = 0.4 ∼ 0.6 in Fig. 4 leads to μ ≅ 2.0, being consistent with the 3 dimensional site percolation theory (μ = 1.9 ∼ 2.1) 8, 9) . However, v p ≅ 0.4 in Fig. 4 is much larger than v p = 0.16 for the 3 dimensional site percolation theory (a random and/or homogenous mixture) 8, 9) . It is also larger than v p = 0.21 ∼ 0.25 which correspond to the threshold values of v Sn = 0.7 ∼ 0.8 in Sn/Si coreshell cluster assemblies, provided that the packing density of such cluster assemblies is about 30% of its bulk state 1, 2, 10) . The present result of v p ≅ 0.4 is still larger than v p = 0.33 for the effective medium theory (a heterogeneous binary mixture, i.e., a patchwork pattern) 11) . On the other hand, it is smaller than v p ≅ 0.5 for granular materials in which the insulator to metal transition is prolonged because small oxide grains tightly cover metal particle surfaces and interrupt contacts between metal particles 12) . Presumably, thin Si regions are segregated between Sn regions at around the percolation threshold in the present Sn c Sn Si 1−c Sn alloy lms.
Discussion
In highly doped and disordered semiconductors, electrons are localized 13) and the electrical conduction is dominated by thermal excitation of electrons (or holes) from the impurity band to the conduction (or valence) band, being described as follows:
where ΔE is an excitation energy gap between the Fermi energy of the impurity band and the mobility edge of the conduction (or valence) band. In Fig. 5 , the good tting of eq. (2) to the experimental results for v Sn ≅ 0.40 leads to ΔE = 0.5 meV.
In granular materials and metal-semiconductor (or insulator) mixtures obtained by phase-separation and precipitation processes, distances between metal particles are roughly proportional to their sizes, where metal-depleted regions surrounding metal particles become wider as metal particle sizes increases. At around the semiconductor (or insulator) to metal percolation threshold, the electrical conduction is dominated by thermally assisted electron tunneling between metal particles, and the electrical resistivity is described by the follow- :
where C is a constant related to the energy barrier height. As shown Fig. 6 , the temperature (T) dependence of ρ roughly tted with eq. (3) for v Sn = 0.45 ∼ 0.54. In Fig. 7 , moreover, the average crystal sizes, D XRD of Sn c Sn Si 1−c Sn alloy lms, which are estimated by applying the Scherrer equation to the diffraction patterns in Fig. 2 , rapidly increase with v Sn . Since such grain growth reduces contact areas between Sn regions, grain boundary scattering of conduction carriers is suppressed, leading to the increase in σ = 1/ρ with v Sn . Moreover, the v Sn dependences of σ = 1/ρ and D XRD are partly attributed to the whisker formation shown in Fig. 1 . 
Summary

